), cyclic cell staining (~4.5 h per cycle) and image analysis (varies by application). the use of quantum dot fluorescent probes enables highly multiplexed, robust quantitative molecular imaging with a conventional fluorescence microscopy setup, whereas the probe preparation methodology, using a self-assembly between protein a-decorated universal quantum dots and intact primary antibodies, offers a fast, simple and purification-free route for an on-demand preparation of antibody-functionalized quantum dot libraries. as a result, this protocol can be used by biomedical researchers for a variety of cell staining applications, and, with further optimization, for staining of other biological specimens (e.g., clinical tissue sections).
IntroDuctIon
Molecular profiling is a powerful technique for the study of complex molecular networks underlying physiological and pathological processes through the comprehensive interrogation of individual molecular components comprising such networks. It promises to become a key tool for advancing biomedical research, clinical diagnostics and targeted therapy. Gaining access to molecular profiles of individual cells, however, is technologically challenging 1 . To this point, a variety of analytical approaches have been developed and routinely used for highly multiplexed genomics and proteomics studies, including 2D gel electrophoresis, reverse transcription quantitative PCR (RT-qPCR), gene chips and biomolecular mass spectrometry [2] [3] [4] [5] [6] [7] [8] , but unique states and responses of individual cells are obscured and specimen morphology is often inaccessible through such methods. A number of single-cell proteomic technologies have been introduced in recent years to overcome these limitations ( Table 1) . In general, single-cell approaches generate complex data sets in which each cell serves as an independent sample, enabling assessment of cell heterogeneity and study of intracellular processes at a mechanistic level. For example, flow cytometry techniques feature a high multiplexing capacity for comprehensive molecular profiling of individual suspended cells 9, 10 , whereas microfluidic-based proteomic assays use the sequestration of individual cells within separate microchambers for the subsequent analysis of secreted or intracellular proteins, thereby addressing the variability of cellto-cell behavior 11, 12 . Microscopy techniques, such as immunohistochemistry (IHC) and immunofluorescence (IF), feature an additional important functionality in that they allow assessment of specimen morphology and the cell microenvironment 13, 14 . Although conventional methods lack sufficient parallel multiplexing capacity for molecular profiling, application of IF in a multicycle format enables the interrogation of substantially larger sets of antigens using organic fluorophores 15, 16 . Yet the adoption of such technologies can be hampered by high instrumentation complexity and cost. Therefore, the current lack of easily accessible methods that can simultaneously address the need for highly multiplexed molecular and morphological detail leaves many fascinating research opportunities in single-cell proteomics awaiting the development of new technologies.
Quantum dots (QDots) are a particularly interesting class of nanoscale probes that are well suited for advanced fluorescence imaging applications because of a number of unique photophysical and chemical properties [17] [18] [19] [20] [21] [22] [23] [24] [25] . Importantly, QDots have the fundamental capacity for (i) simultaneous encoding of multiple individual molecular targets via distinct emission spectral signatures, which is essential for multiplexed profiling on the same specimen, and (ii) production of bright and photostable fluorescence signals, which is crucial for the reliable assessment of target expression levels in a quantitative manner. They also feature small size and versatile surface chemistry for the synthesis of compact biofunctional probes. Initial proof-of-concept studies have already demonstrated feasibility of the single-cell molecular profiling concept and utility of QDot probes as a platform for its practical implementation 9, 26, 27 . However, the multistep staining methodologies that are commonly used with commercially available QDot probes hamper simultaneous labeling of multiple molecular targets [28] [29] [30] [31] [32] [33] [34] , whereas highly multiplexable direct target labeling with QDot-antibody bioconjugates suffers from the requirement for time-consuming and prohibitively expensive synthesis of custom-designed probes 26, 35 (e.g., one conjugation reaction takes over 5 h and costs over $800 to complete), thus limiting their applicability for biomedical researchers.
Recently, we developed a universal QDot-based nanoparticle platform that can be converted on demand into functional QDot-antibody probes by self-assembly with intact antibodies, thus markedly reducing the complexity of QDot-antibody probe preparation 36 . Sufficient stability enables simple mixing of preassembled multicolor QDot-antibody probes in a cocktail for highly multiplexed parallel staining, facilitating the use of a full range of spectrally distinguishable QDots without antibody species or buffer composition limitations. Notably, this procedure requires no chemical modification of antibodies, eliminates the need for QDot-antibody probe purification, streamlines assay development, substantially lowers the cost of probe preparation and makes the QDot platform accessible to a wide range of biomedical researchers ( Table 2) . To access single-cell molecular information, we have developed a complementary multicolor multicycle molecular profiling (M3P) technology that uses unique features of self-assembled QDot-antibody probes for direct multiplexed labeling of 5-10 molecular targets and a cyclic staining/imaging/ destaining methodology for the interrogation of expanded target sets 36 . In comparison with organic dye-based methods, the QDot imaging platform substantially expands the amount of molecular information that can be obtained during each staining cycle, both in terms of target number and quantitative content, markedly reducing specimen-processing time and enabling the collection of comprehensive molecular profiles within just a few cycles (Supplementary Fig. 1) .
Here we present a detailed protocol for the M3P technology and offer the main design criteria that should be considered when optimizing this technology for molecular profiling applications.
Description of the method
The method for single-cell molecular profiling with M3P technology consists of three main components: (i) preparation of biological specimens for analysis (using cultured mammalian cells as an example); (ii) preparation of multicolor universal QDots; and (iii) multicolor multicycle staining, imaging and image analysis (Fig. 1) . Preparation of biological specimens involves cell culture on a cover glass surface and prestaining processing that has been optimized for labeling of most targets with QDot probes (Fig. 1 , Steps 1-14 of the PROCEDURE). We also recommend performing reference staining of new specimens using conventional IF with commercially available secondary antibody-QDot bioconjugates (Box 1) to confirm proper preservation and labeling of all molecular targets of interest. Preparation of multicolor universal QDots involves a bioconjugation reaction between aminefunctionalized PEG-coated QDot scaffolds and an adaptor protein A (SpA), along with QDot characterization (Fig. 1, Steps 15-30 of the PROCEDURE). An epifluorescence microscope with a hyperspectral imaging (HSI) camera is used to collect reference QDot spectra and measure differential brightness, which is necessary for accurate quantitative analysis of multicolor images. An alternative procedure for direct measurement of QDot differential brightness can be used when precise QDot concentration cannot be determined (Box 2). Multicolor multicycle staining, in turn, consists of several discrete steps that are repeated in a cyclic manner (Fig. 1 , Steps 31-44 of the PROCEDURE): (i) self-assembly of targetspecific QDot-antibody probes, (ii) single-step multicolor cell staining, (iii) HSI and image analysis and (iv) specimen regeneration (or destaining). The number of molecular targets labeled simultaneously and the number of cycles performed should be determined by application-specific requirements. Raw data obtained with the M3P technology comprise a set of fluorescence signal intensities (for each QDot color and staining cycle) for each image pixel. The type of analysis applied to such data sets depends on the desired specific applications.
Applications and limitations of the M3P technology
The main purpose of using the M3P technology is to achieve molecular characterization of biological specimens in a comprehensive manner with a technologically simple setup and straightforward procedure. The primary application described in this protocol focuses on single-cell molecular profiling within monolayer cell cultures, which represents a useful model for the study of intracellular signaling pathways, identification of disease-specific molecular signatures and the evaluation of cell response to therapeutic intervention. Examination of cultured 37, 38 . Additional analysis should enable target colocalization and intracellular translocation studies, cell morphometric analyses and the assessment of specimen morphology, thereby further enriching single-cell molecular information.
The versatile design of the M3P technology features a great degree of flexibility for optimization of individual components and steps toward specific applications. As a result, we expect this technology to become applicable to molecular characterization of a variety of targets on solid supports, including multiplexed immunoassays, western blots, flow cytometry and IF on clinical tissue sections. For example, in an unpublished preliminary study (P.Z., L.D.T. and X.G., unpublished data), we have achieved threecolor labeling of formalin-fixed paraffin-embedded tissue sections using self-assembled QDot-SpA-antibody probes and a one-step staining methodology (Fig. 2) .
It is important to consider, however, that QDot probes differ substantially from conventional fluorophores not only by featuring unique beneficial optical properties but also by imposing a number of limitations on specimen processing and staining conditions 20, 25, 35 . In addition, parallel labeling of multiple targets requires complete preservation of antigenicity and sufficient QDot accessibility for the whole set of targets, thus further restricting specimen-processing options. Relatively large size of QDot-antibody probes might hamper labeling of tightly packed molecular targets or targets sequestered within intracellular compartments. Therefore, careful optimization of specimen processing and staining conditions tailored to QDot probes should be used. The multicycle staining methodology, in turn, might be incompatible with certain fragile molecular targets. We have identified one set of conditions that offers robust staining of various targets with QDots in fixed adherent cell lines; yet, modifications to this procedure might be necessary to satisfy unique criteria of specific molecular profiling applications.
Fairly lengthy staining and imaging steps impose a limitation on the number of cycles that can be performed in a timely manner. Further development of the M3P technology should benefit from integrating QDot-based labeling with automated stainingimaging instruments. For example, an automated system comprising a fluorescence microscope and a pump-driven flow chamber can be engineered to achieve easy alignment of images obtained from different staining cycles and substantially reduce the labor requirement. It is also worth mentioning that this protocol features the use of standard devices and equipment that are widely accessible in research labs. Specialized instruments and devices capable of shortening the immunostaining process from hours to minutes also started to appear 39, 40 , which should markedly enhance the capability of the M3P technology for multicycle staining.
Experimental design
Processing of cultured cells. In general, the M3P technology should be applicable to all adherent cells cultured in monolayer (the prostate cancer cell line, LNCaP, and the cervical cancer cell line, HeLa, have been tested in our laboratory). Strong attachment of cells to glass surfaces is required to facilitate high-magnification fluorescence imaging of labeled cells without applying a cover slide and experiencing high levels of autofluorescence (typical for plastic surfaces). Proper prestaining processing, including cell fixation, permeabilization and blocking, is critical for accurate labeling of molecular targets with QDot probes. In particular, prestaining processing should preserve specimen morphology and target antigenicity while providing sufficient access to intracellular compartments and precluding nonspecific interactions between QDot probes and cell components. In this regard, access to intranuclear targets is particularly hard to achieve because of the relatively large size of QDots and antibodies. The use of ionic surfactants typically improves staining of intranuclear targets, whereas brief treatment with nonionic surfactants (such as Triton X-100 and Tween-20) helps to reduce nonspecific QDot binding to the specimen. In this protocol, we offer one cell fixation/ permeabilization procedure that features a good balance between specimen preservation and intracellular QDot penetration (Steps 7-14 of the PROCEDURE). Should deeper QDot penetration be required, cells can be treated with proteinases (e.g., proteinase K). However, along with improving intranuclear access, protein digestion can result in the degradation of cell-surface and cytoplasmic targets (Supplementary Fig. 2 ). Alternative methods of cell fixation with ice-cold methanol or acetone, in our experience, deteriorate cell morphology and lead to enhanced nonspecific binding by QDot probes. Therefore, we recommend confirming proper preservation and staining of each target of interest using conventional IF with secondary QDot probes (Box 1). It should also be noted that commercial PEG-coated QDots might show disparity in surface coverage with PEG (and thus in levels of nonspecific staining) between different lots. If exchange to a better lot is not an option, commonly used BSA should be supplemented by 0.1% (wt/vol) alkali-soluble casein in a blocking step to compensate for this effect. As it is more negatively charged and Universal QDot platform design. A universal QDot platform should offer a straightforward method for on-demand QDotantibody probe preparation, requiring no specialized expertise or instrumentation. Specifically, such a platform should (i) bind a wide range of primary antibody types, (ii) require no chemical modification to the antibody, (iii) require no probe purification, conserving precious antibodies, (iv) provide control over the antibody orientation on the QDot surface, (v) remain stable for the duration of the staining procedure, resisting probe disassembly and/or aggregation and (vi) feature high labeling specificity while suppressing nonspecific interactions with biological specimens. A universal QDot platform used in the M3P technology satisfies these criteria, in part, by using self-assembly between an antibody and an adaptor protein (staphylococcal protein A, SpA). Adaptor proteins have been extensively studied and used for a variety of applications, including routine antibody isolation and purification as well as novel immunoassays and live-cell imaging methods using QDot-adaptor protein conjugates [41] [42] [43] [44] . Labeling of cell surface targets on intact cells is also easily achievable with variety of QDot probes. Staining of intracellular molecular targets, in contrast, requires permeabilization of fixed cells with detergents, which removes natural lipid barriers, eliminates the negative charge on the cell surface and opens access to a variety of electrostatic and hydrophobic interactions. As a result, many QDot probes, commonly featuring a negatively charged surface and stabilized via electrostatic repulsion, become inapplicable for staining of fully processed specimens. To overcome this limitation, the QDot surface is often decorated with a highly hydrophilic and nonfouling PEG layer, which shields charged and hydrophobic regions on the QDot surface. Despite increasing the nanoparticle size and impeding bioconjugation efficiency, PEG modification remains the most robust and popular approach for producing stable QDots for a variety of biological assays (including the majority of commercially available QDot probes). Therefore, we recommend using PEG-coated QDots for the preparation of universal QDot-SpA bioconjugates. At the same time, alternative nonfouling coatings might be explored for this application, as long as nonspecific interactions are efficiently suppressed. It should also be noted that, although variety of adaptor proteins, such as protein A, protein G, protein A/G and streptavidin, may be
Box 2 | Determination of QDot differential brightness from cell staining • tIMInG 3.5 h plus image acquisition and analysis
Accuracy of differential QDot brightness measurement from bulk solutions depends on the preparation of samples with precisely known QDot concentrations. When such information is not available, differential brightness can be determined directly from cell staining with QDot-SpA probes.  crItIcal Perform one-color, two-step staining in separate wells for each QDot-SpA color. Choose a molecular target that is uniformly and abundantly expressed throughout all cells in cell culture for this procedure (e.g., HSP90 in HeLa cells). Include controls for each QDot-SpA color by skipping incubation with primary antibodies.  crItIcal Only whole IgG antibodies that show strong binding between the Fc region and SpA can be used. 1. Equilibrate the 24-well plate containing fixed cells to room temperature. For each QDot-SpA color, prepare 1 ml of blocking buffer, 1.2 ml of staining buffer, 4 ml of washing buffer and 1× TBS (see Reagent Setup).  crItIcal step Use two wells for each QDot-SpA color: one for 'positive' staining and one as a control. Use only one QDot reference spectrum that matches the QDot-SpA color tested for image unmixing (include autofluorescence reference spectrum, if applicable). Repeat this analysis for all images recorded in step 6 of box 2, thus obtaining at least six measurements (three from positive samples and three from controls) for each QDot-SpA color. 8. Calculate the differential QDot brightness. For each QDot-SpA color, calculate an average of three positive measurements and an average of three control measurements, and then subtract the controls from the positives, obtaining an average specific staining intensity. Normalize the average specific staining intensities by a suitable QDot color to create a list of correction factors. Typically, QDot fluorescence intensity increases from green to red emission color.
used for the preparation of a universal QDot platform, it must be assured that there are no sterically accessible binding sites left on the antibodies after QDot-antibody complex formation in order to prevent cross-linking of different QDots via antibodies.
Use of HSI for multiplexed QDot analysis.
Accurate quantitative analysis of multiple targets based on QDot labeling demands the standardization of image acquisition and processing algorithms. Narrow symmetrical emission profiles facilitate spectral isolation of individual QDot signals from a multiplexed specimen. For example, careful choice of band-pass emission filters might enable imaging of three or four QDot colors with a conventional fluorescence microscope equipped with a charge-coupled device (CCD) camera. Quantitative analysis of a larger number of targets, nonetheless, might be compromised by spectral cross-talk between probes with closely spaced emission peaks and by a nonlinear detector response. HSI overcomes these limitations to a great extent, enabling extraction of high-content information from a narrow visible spectral window [45] [46] [47] . Generally, HSI systems incrementally apply narrow band-pass filters and collect a series of images for each wavelength band over a specified spectrum, thus producing an 'image cube' providing spectral information for each pixel of an image. Deconvolution of known emission profiles from the resulting image cube separates different probe signals from each other and from the background fluorescence, enabling qualitative target colocalization studies and quantitative analysis of molecular expression profiles. The HSI camera used for the exemplar microscope setup (Nuance from Advanced Molecular Vision) is able to identify multiple fluorescent tags on the basis of small but meaningful spectral differences by scanning a wavelength range of 420-720 nm with a built-in liquid crystal tunable filter at step increments as small as 1 nm. QDots with fluorescence emission peaks spaced as closely as 20 nm apart can be accurately distinguished with such a setup (Supplementary Fig. 3) . Furthermore, the HSI camera captures images at each wavelength with constant exposure, and the software mathematically separates the color components on the basis of the reference spectra, thus enabling accurate quantitative analysis. As the HSI camera can be mounted on any fluorescence microscope and controlled by a standard PC with Nuance Image Analysis software, it offers a straightforward and cost-effective solution to high-resolution HSI of QDot-labeled specimens that can be easily adopted by a range of research and clinical laboratories. At the same time, it is expected that alternative imaging techniques capable of measuring fluorescence of spectrally distinct QDot probes might be successfully used with the M3P technology.
It is important to note that fluorescence signals measured with HSI cannot be directly compared with each other because of differential brightness exhibited by multicolor QDot probes. In fact, the sensitivity of detection achieved with larger (red) QDots is often greater than that achieved with smaller (green-blue) QDots 26, 48 . To account for this effect, differences in the photophysical properties of individual probes should be characterized in advance and incorporated into signal analysis algorithms (Steps 27-30 of the PROCEDURE and Box 2). At the same time, imaging instrumentation parameters can also introduce bias in signal recording. Therefore, differential QDot brightness should be evaluated with exactly the same imaging setup and parameters as used for M3P. Differential QDot brightness is also important to take into account when you perform multiplexed staining of targets with varying abundance levels and intracellular distribution. We suggest that brighter red QDot probes be used for lessabundant (or more diffusely distributed) targets, whereas dimmer green QDots should be reserved for more-abundant (or more densely packed) targets to achieve a relatively uniform apparent staining intensity throughout all targets; furthermore, avoid camera saturation by any one exceptionally bright signal.
Criteria for multicycle staining. Cyclic IF critically depends on complete specimen regeneration after each cycle, including removal or blocking of all the probe components and elimination of fluorescence signal. In particular, successful regeneration should achieve (i) complete destaining after each IF cycle to avoid false-positive detection resulting from signals carried over from previous cycles, (ii) complete removal or blocking of target-bound primary antibodies to preclude binding of probes during further cycles and (iii) preservation of specimen morphology and target antigenicity to gain consistent staining intensity on every cycle. Microwave treatment 49 , strong acidic conditions [50] [51] [52] and specimen dehydration 50 developed for cyclic staining with conventional IF and IHC often lead to specimen degradation. In contrast, self-assembled QDot-SpA-antibody probes used for the M3P technology are uniquely suited for quick and efficient specimen regeneration via chemical stripping, directly benefiting from the noncovalent semistable nature of the QDot-SpA-antibody probe assembly and direct biomarker-QDot binding. Regeneration buffer used in this protocol is compatible with all the model targets tested (Ki-67, heat shock protein 90 (HSP90), lamin A, Cox-4 and β-tubulin). However, buffer optimization might be required for some fragile molecular targets. A suitable regeneration buffer should satisfy the following criteria: (i) all probe components should be completely (or nearly completely) removed from the specimen; (ii) trace amounts of QDots remaining in the specimen should be completely quenched; (iii) trace amounts of primary antibodies should remain inaccessible to unoccupied QDot-SpA probes; (iv) probe components remaining on the specimen should not interfere with subsequent staining cycles; and (v) specimen antigenicity should be preserved through multiple regeneration cycles. It is advisable to evaluate specimen degradation for all targets of interest, as well as for alternative prestaining specimen-processing conditions, as some antigens might show greater susceptibility to degradation. For example, we have found that incomplete cell fixation achieved by incubation with formaldehyde in Tris-buffered saline (TBS) for 10 min (in contrast to the optimized procedure outlined in Steps 7-14) results in a staining signal drop of over 40% in LNCaP cells after ten regeneration cycles, whereas fixation with formaldehyde in PBS followed by Triton X-100 permeabilization fails to preserve target antigenicity even after one regeneration treatment. Spectrophotometer (e.g., UV-2450, Shimadzu) Centrifuge for 50-ml centrifuge tubes Microcentrifuge for 1.7-ml and 0.65-ml microcentrifuge tubes Inverted fluorescence microscope (e.g., IX-71, Olympus) HSI camera (e.g., Nuance, 420-720 nm spectral range, Advanced Molecular Vision) REAGENT SETUP Culture medium (for HeLa cells) To 500 ml of MEM medium, add 50 ml of FBS and 3 ml of penicillin-streptomycin. Culture medium can be prepared in advance and stored at 4 °C for several weeks. Ethanol, 70% (vol/vol) Combine 300 ml of water and 700 ml of 200-proof ethyl alcohol in a 1-liter glass bottle. Cap the glass bottle tightly to prevent evaporation. This solution can be stored capped at room temperature (~21 °C) for several weeks.
MaterIals

REAGENTS
General reagents
• 
1|
Grow cells in a 100-mm tissue culture dish to 90-100% confluence.  crItIcal step The cells obtained from one 100-mm dish are sufficient for seeding cells in up to four 24-well plates.
2|
Prepare the biosafety cabinet for cell culture. Prewarm cell culture medium, trypsin and DPBS to 37 °C in a water bath.
3| Aspirate any old cell culture medium from the dish and gently add 5 ml of DPBS onto the wall of the dish. Aspirate the DPBS and repeat the DPBS wash.  crItIcal step Do not add DPBS directly onto cells, as it might result in cells being detached from the dish surface and aspirated.
4|
Aspirate the DPBS and add 1 ml of trypsin directly onto cells. Place the dish in an incubator for 2 min, and then transfer it back to the cell culture hood. Cells should easily roll off the surface upon tilting the dish. Add 10 ml of cell culture medium directly to the cells using a 10-ml sterile serological pipette. Wash the cells off the surface of the dish completely. Optionally, vigorously pipet the solution against the surface of the dish to break apart the cell aggregates and obtain a homogeneous cell suspension.  crItIcal step The duration of trypsin treatment should be optimized for the cell lines of interest. 5| Transfer 22.5 ml of cell culture medium to a sterile 50-ml centrifuge tube. Next, transfer 2.5 ml of cell suspension (~1,000,000 cells) from the dish into the same 50-ml centrifuge tube. Cap the tube and shake it to obtain a homogeneous cell suspension. Transfer 1 ml of cell suspension from the 50-ml tube to each well of a 24-well glass-bottom plate to seed ~40,000 cells per well. Cover the plate and place it back into a cell culture incubator.  crItIcal step Typically, cells grow to ~80% confluence in 48-72 h, at which point cells must be fixed. ? troublesHootInG 6| Discard the rest of the cell suspensions. ! cautIon Cell suspensions and materials containing cells are biohazardous. Follow local biosafety guidelines for details on handling biohazard waste.
cell fixation and permeabilization • tIMInG 1.5 h ! cautIon Human cell cultures are biohazardous and potentially infectious materials. Human cell cultures must be handled in a BSL-2 facility by trained certified personnel. Proper PPE should be used. Refer to local biosafety regulations for specific requirements.
 crItIcal This procedure is optimized for proper labeling of common intracellular targets in adherent cells. However, preservation of antigenicity and accessibility varies for different molecular targets, which might require further optimization of fixation (Step 10) and permeabilization (Steps 12 and 13) conditions. We recommend confirming adequate staining of targets of interest using a conventional IF procedure with secondary QDot probes (box 1).  crItIcal All buffers should be prepared immediately before performing cell fixation.  crItIcal Do not let cells dry throughout this procedure; do not aspirate the solution from more than four wells at a time; refill aspirated wells with appropriate buffers immediately.
7|
Prepare 1× TBS in a 50-ml tube and place it in a water bath set to 37 °C. Prepare fixation buffer, permeabilization buffer A and permeabilization buffer B (see Reagent Setup).
8|
Transfer the tubes with prewarmed 1× TBS and the fixation buffer into the cell culture hood. Transfer the 24-well glassbottom cell culture plate from the incubator to the cell culture hood.
9|
Replace the old cell culture medium with 1 ml per well of prewarmed 1× TBS in groups of four wells at a time. Gently aspirate the medium using a vacuum aspirator. Gently add 1 ml of prewarmed 1× TBS onto the wall of each aspirated well.  crItIcal step During aspiration, tilt the plate and place the aspirator tip in a corner of each well to avoid causing damage to and/or aspiration of cells.  crItIcal step Do not add TBS directly onto cells, as it might result in cells being detached from the glass surface and aspirated.
10| Fixation of cells with formaldehyde.
Replace TBS solution with 500 µl per well of fixation buffer in groups of four wells at a time. Gently aspirate TBS from the corner of the well. Gently add fixation buffer onto the wall of each aspirated well. Cover the plate and incubate the cells with fixation buffer for 20 min at 37 °C.
11|
Replace the fixation buffer with 1 ml per well of prewarmed 1× TBS in groups of four wells at a time. Gently aspirate the fixation buffer from the corner of each well using a 1,000-µl pipette and transfer it into a waste container. Gently add TBS onto the wall of each aspirated well. ! cautIon Refer to local safety guidelines for proper disposal of formaldehyde-containing chemical waste.
! cautIon Fixed cells do not represent a biohazard. The rest of the procedures can be safely performed in a general laboratory setting.
12| Permeabilization of cells with buffer A.
Replace TBS solution with 500 µl per well permeabilization buffer A in groups of four wells at a time. Gently aspirate TBS from the corner of the well using a 1,000-µl pipette and transfer it into a waste container. Gently add permeabilization buffer A onto the wall of each aspirated well. Cover the plate and incubate it for 20 min at room temperature. Thereafter, rinse the cells with 1 ml of 1× TBS per well.
13| Permeabilization of cells with buffer B.
Replace the TBS solution with 500 µl per well of permeabilization buffer B in groups of four wells at a time. Gently aspirate TBS from the corner of the well using a 1,000-µl pipette and transfer it into a waste container. Gently add permeabilization buffer B onto the wall of each aspirated well. Cover the plate and incubate it for 5 min at room temperature. Thereafter, rinse the cells with 1 ml of 1× TBS per well.
14| Wash the cells three times for 5 min each with 1 ml of 1× TBS at room temperature per well. Thereafter, refill the wells with 1 ml of 1× TBS per well for storage. Optionally, sodium azide can be added to TBS at a final concentration of 0.05% (wt/vol) to prevent microbial contamination during long-term storage. ! cautIon Sodium azide is highly toxic. Proper PPE should be used while handling sodium azide.  pause poInt Fixed cells can be stored at 4 °C for several weeks. Seal plates with Parafilm to prevent evaporation of the storage buffer.
QDot-spa bioconjugation • tIMInG 2.5 h + 4 h (or overnight) incubation  crItIcal
The following procedure can be used to prepare 100 µl of ~1 µM QDot-SpA bioconjugates of one color. Several bioconjugation procedures (no more than three are recommended) can be performed in parallel for preparation of multicolor QDot-SpA stocks.
15| Equilibrate the tubes with Qdot ITK amino (PEG) quantum dots, BS3 and SpA (see Reagent Setup) at room temperature. Equilibrate NAP-5 column with PBS (see Equipment Setup).
16| Activation of QDots with BS3.
Add 70 µl of water directly into a no-weigh tube with BS3 powder in it, and then vortex the tube to obtain 50 mM solution of BS3. In a 1.7-ml microcentrifuge tube, combine 25 µl of 8 µM QDot stock, 61 µl of water, 10 µl of 10× PBS and 4 µl of 50 mM BS3 solution to obtain 100 µl of 2 µM QDots in PBS with a 1,000× molar excess of BS3. Vortex the tube briefly. Optionally, the reaction tube can be centrifuged at 1,000g for 1 min at room temperature to collect the solution from tube walls and cap. Incubate the tube for 30 min at room temperature.  crItIcal step BS3 solution must be prepared immediately before its addition to QDots to avoid hydrolysis of reactive groups in the water.  crItIcal step Do not vortex or otherwise agitate the reaction tube during incubation, as it might result in partial QDot aggregation.
17| Purification of activated QDots with NAP-5 columns.
Let the PBS completely pass through the column, leaving no solution above the frit (Fig. 3a) . Carefully transfer the QDot/BS3 reaction solution onto the top frit of NAP-5 column (Fig. 3b) . Let the QDot solution enter the frit completely (Fig. 3c) , and then add 1.5 ml of 1× PBS. Note that QDots might not travel at a rate indicated by the NAP-5 manufacturer's instructions; use a handheld UV lamp to trace the QDots' position inside the column (Fig. 3d) .
As it elutes from the NAP-5 column, collect ~500 µl of colored QDot solution into a 1.7-ml microcentrifuge tube (Fig. 3e) . ! cautIon UV light is hazardous to eyes and skin. Wear gloves and safety glasses rated to protect against UV light when using a handheld UV lamp.  crItIcal step This step must be performed as rapidly as possible to minimize the hydrolysis and deactivation of reactive groups on the QDots.
18| Concentration of activated QDots and reaction with SpA.
Transfer the purified QDot solution to a Vivaspin 500 100-kDa-MWCO concentrator (Fig. 3f) . Centrifuge the solution at 6,000g for 7 min at room temperature to concentrate the QDots to ~20 µl (Fig. 3g) . Add 100 µl of 5 mg ml − 1 SpA solution directly to the concentrated QDots and transfer this reaction mixture to a new 1.7-ml microcentrifuge tube. Incubate the tube for at least 4 h at room temperature.  crItIcal step This step must be performed as rapidly as possible to minimize hydrolysis and deactivation of the reactive groups on the QDots.  crItIcal step Do not use diluted QDot solution for the reaction, as it results in poor conjugation yield.  crItIcal step Do not vortex or otherwise agitate the reaction tube during incubation, as it might result in QDot aggregation.
? troublesHootInG  pause poInt The reaction mixture can be left overnight at room temperature for incubation; work can be resumed on the next day. 19| Purification of QDot-SpA bioconjugates. Dilute the reaction mixture up to 500 µl with 1× PBS and transfer it to a new Amicon Ultra 0.5 ml 100-kDa-MWCO centrifugal filter. Centrifuge the filter at 6,000g for 7 min at room temperature to concentrate the QDot-SpA solution to ~20 µl. Refill the centrifugal filter with 500 µl 1× PBS, thus achieving a 25× dilution of the QDot-SpA mixture. Repeat the centrifugation five more times. After the last centrifugation round, dilute the concentrated QDot-SpA solution up to 100 µl with 1× PBS, and then transfer this purified QDot-SpA stock to a new 1.7-ml microcentrifuge tube.  crItIcal step Typically, a 100-kDa-MWCO centrifugal filter concentrates QDots in the top chamber while letting free SpA pass through the membrane; confirm the absence of QDots in the wash-through fraction using a handheld UV lamp. (ii) Obtain a reference absorbance measurement from the color-matched original QDot stock. Prepare 100 µl of 1 µM QDot solution in PBS from stock (concentration should be provided by the manufacturer). Transfer the QDot solution to a new low-volume spectrophotometry cuvette, place it into the spectrophotometer and record the absorbance on the 500-700 nm spectral range in reference to 1× PBS. Measure the absorbance at the same wavelength used in the previous step. (iii) Calculate the QDot concentration in the QDot-SpA sample using the formula: C = A sample /A reference , where C is the concentration of QDot-SpA (µmoles per liter, or µM), A sample is the absorbance of the QDot-SpA sample and A reference is the absorbance of the reference 1 µM QDot solution.
? troublesHootInG
21|
Transfer the QDot-SpA solution from the spectrophotometry cuvette into a new 1.7-ml microcentrifuge tube, label the tube with the QDot type, concentration and preparation date, and then place the tube into a 4 °C refrigerator for storage.  pause poInt QDot-SpA bioconjugates can be stored at 4 °C for several weeks.
building reference QDot spectral library with HsI • tIMInG 30 min  crItIcal Steps 22-26 should be performed for each new QDot-SpA preparation and each microscope setup used to analyze stained specimens. The procedure is optimized for the exemplar microscope setup (see Equipment Setup); modifications to the procedure may be necessary when it is used with other setups.
22|
Preparation of microscope slides with samples of each QDot-SpA color. Combine 4.5 µl of 1× PBS and 0.5 µl of 1 µM QDot-SpA solution in a 0.65-ml microcentrifuge tube to obtain 5-µl, 100 nM aliquots. Spot the 5-µl aliquots onto a no. 1.5 cover glass. Place the droplets at a distance of at least 5-10 mm from each other (supplementary Fig. 4a ).
23|
Turn on the excitation light source (e.g., mercury lamp burner), start the Nuance Image Analysis software and wait for the HSI camera to initialize. On the microscope, use the wide-UV filter cube and the ×20 dry objective (see Equipment Setup). Transfer the cover glass with the QDot samples onto the microscope stage.
24| Collecting images of QDot droplets with the HSI camera.
Completely lower the ×20 objective and place it directly underneath the center of a QDot droplet. Open the shutter of the excitation light source to illuminate the droplet (you should see bright QDot fluorescence, supplementary Fig. 4b) . Open the optical port of the HSI camera. In the Nuance Image Analysis software, under the 'Acquire' tab, select the desirable spectral range for scanning. Click 'Autoexpose Cube' to automatically determine the optimal exposure time for all wavelengths, and then click 'Acquire Cube' to collect a hyperspectral image of the droplet. Close the shutter. Save the cube (it is helpful to include the QDot emission peak wavelength in the file name). Repeat this step for all QDot droplets on the cover glass.  crItIcal step Use the same spectral range for all QDots and for imaging stained cells.  crItIcal step Image collection should be performed under reduced ambient illumination (preferably in a dark room) to minimize the contribution of non-QDot light.
25| Extract the QDot spectra from the image cubes collected in the previous step. Load an image cube in the Nuance Image Analysis software. Under the 'Spectra' tab, click the 'Draw' icon and draw a line through the center of the image. A QDot spectrum should be recorded (supplementary Fig. 4c ). Name this spectrum with the QDot emission peak wavelength. Repeat this step for all image cubes to build up a spectral library (supplementary Fig. 4d) . Once all spectra are recorded, go to File → Save Spectral Library and save this library at a suitable location on the PC (it is helpful to include the QDot-SpA preparation date or lot ID in the file name).  crItIcal step Do not exit the software throughout this procedure.
? troublesHootInG 26| (Optional) Record the cell autofluorescence spectrum if the contribution of autofluorescence is substantial. Place a 24-well glass-bottom plate containing fixed cells onto the microscope stage. Focus on cells using a ×20 dry objective. Collect a hyperspectral image of the cells. In the Nuance Image Analysis software, go to the 'Spectra' tab, click the 'Draw' icon and draw a line through an area of autofluorescence. Save spectrum at a suitable location on the PC.  crItIcal step For samples containing several sources of autofluorescence with distinct spectra (e.g., fixed tissue sections), each spectrum must be recorded separately in a spectral library; do not create an average spectral profile for all autofluorescence sources.  pause poInt The reference QDot spectral library can be created at any time before or after staining experiments, as it is used only for poststaining data analysis. 29| Determine the QDot fluorescence intensity from the image cubes collected through the previous step. In the Nuance Image Analysis software, go to the 'Spectra' tab, click 'Import Spectra' and import the spectral library created at Steps 22-25. Thereafter, load an image cube and click 'Unmix' . The software should extract individual QDot channels in accordance with similarity to reference spectra. Click on the image corresponding to the measured QDot spectral channel, go to 'Measure' tab, set 'Threshold' to zero and record the total scaled signal. Repeat this process for all image cubes.  crItIcal step Total signal can be used instead of total scaled signal, but it must be normalized to the exposure time used for each QDot.
Measuring differential QDot brightness with HsI
30|
Calculating differential QDot brightness. In a spreadsheet, record the triplicate measurements of total scaled signal intensity for each QDot color and calculate an average intensity for each color. Normalize the average intensities by a suitable QDot color to create a list of correction factors. Typically, QDot fluorescence intensity increases from green to red emission color.  pause poInt Differential brightness of QDots can be measured at any time before or after staining experiments, as it is used only for poststaining data analysis.
cell staining with QDot-spa-IgG probes • tIMInG 3.5-4 h for one cycle  crItIcal Steps 31-38 must be performed on the same day and at room temperature.  crItIcal All buffers should be freshly prepared immediately before performing cell staining.  crItIcal Specimen regeneration is used as a part of multicycle staining to remove the QDot signal after each cycle. Preservation of antigenicity during this step varies for different molecular targets. We recommend confirming adequate staining of targets of interest using a conventional IF procedure with secondary QDot probes (box 1). Targets incompatible with regeneration conditions can be stained during the first cycle, skipping the initial regeneration part of Step 32. 36| Turn on the excitation light source (e.g., mercury lamp burner), start the Nuance Image Analysis software and wait for the HSI camera to initialize. On the microscope, use the wide-UV filter cube (see Equipment Setup). Optionally, use a fine-point permanent marker to place a reference mark (e.g., cross) on the bottom glass surface of the well containing the stained cells. Transfer a 24-well plate containing the stained cells onto the microscope stage.
31|
37| Collecting images of stained cells with the HSI camera.
Open the shutter of the excitation light source to illuminate the cells. Focus on the cells using a suitable objective. Optionally, find the location of the reference mark using bright-field illumination first; then, step a set distance away from the mark for cell imaging. Record this position for imaging during subsequent staining cycles. Open the HSI camera optical port. In the Nuance Image Analysis software, under the 'Acquire' tab, select the desirable spectral range for scanning. Click 'Autoexpose Cube' to automatically determine optimal exposure time for all wavelengths, and then click 'Acquire Cube' to collect a hyperspectral image of the cells. Close the shutter. Save the cube (it is helpful to specify antibody-QDot pairs used for staining in the file name 
antIcIpateD results
The M3P-profiling procedure using self-assembled QDot-SpA-IgG probes should enable robust quantitative molecular imaging at subcellular resolution and offer a set of data necessary for the measurement of protein expression at a singlecell level (Fig. 4) . Further application-specific analyses of, for example, target colocalization, translocation and cell morphology should be straightforward. At least five molecular targets can be stained and visualized simultaneously using a standard epifluorescence microscope equipped with a single UV excitation light source and HSI camera. The narrow symmetrical emission profiles of QDot probes help with accurate unmixing of multicolor images using a reference spectral library. Direct comparison of staining intensity between different QDot colors should be readily achievable with the use of proper correction factors determined from bulk fluorescence measurements (Steps 27-30) or cell staining (box 2). It is important, however, to build a reference spectral library and to determine correction factors for each QDot-SpA preparation and each microscope setup, as minor deviations often result in unmixing errors and inaccurate quantitative analysis. The versatile design of the QDot-SpA bioconjugates should offer an easy, one-step, purification-free preparation of target-specific QDot-SpA-IgG probes via a self-assembly procedure. All types of whole IgG compatible with SpA (e.g., rabbit IgG, mouse IgG2a) are expected to form stable probes lacking cross-linking and cross-talk. It is important, however, to have QDot-SpA in excess of IgG in order to avoid QDot surface saturation with antibodies, which might result in probe disassembly and antibody exchange between different QDot colors. The multicycle staining methodology is expected to enable analysis of at least 25 molecular targets (five targets in five cycles) without damaging specimen antigenicity and morphology 36 . At the same time, properly processed specimens (e.g., using the methodology described in Steps 1-14) should be amenable to re-probing for at least ten staining cycles (Fig. 5a) , thus enabling the evaluation of 100 target single-cell molecular profiles when combined with ten-color QDot libraries and ten-channel HSI. Optimization of the specimen-processing procedure might be required to achieve staining of certain targets (e.g., easily damaged targets or tightly packed targets) depending on the application requirements; however, compatibility with specimen regeneration conditions must be ensured, as poorly processed specimens typically show substantial target degradation in just a few cycles (Fig. 5b) .
Overall, the M3P procedure consists of straightforward steps that do not require specialized technical skills or expertise in nanoparticle engineering. As a result, it can be readily used by a wide range of biomedical laboratories for multiplexed staining and single-cell analysis of adherent cell cultures. Further optimization should make this procedure suitable for the examination of other biological specimens (e.g., clinical tissue sections). Reprints and permissions information is available online at http://www.nature.com/ reprints/index.html.
